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ABS’J’RACT

The radio occultation technique, which has been repeatedly
proven for planetary :itmospheres,  was first utilized to
observe Earth’s atnmsphcre  by the GPS-MIW  experinlcnt
(Iaunc}lcd in April 1995), in which a high performance
GPS Ieceiver was IJaccd into a low-Iiarlh  orbit. During
ccrtaitl phases of the lnission, more than 100 occultations
pcr day are acquired. A subset of this occultation data is
analyml  and ten~pcra[ure in the neutral atmosphere and
electron profiles in the ionosphere are obtained.
Comp;lring  about 100 (31’ S-M fT retrievals to accurate
metccn ological analyses obtained from the European
Centet for Mediulmratlge  Weather l’orecasting  at heights
between 5-30 km, tmpcrature  differences display biases of
ICSS d ,an 0.5K and stmckucl deviations of 1 -2K in the
northern hemisphclc, wbcre  the model is expected to be
most accurate. liurlhcrmore, electron ciensity profiles
obtainccl for different geodetic locations and times show
the nwin  features that arc cxpectecl in the ionosphere.

I-IN’JROIIII(:’lJON”

When a signal translnittccl  by the global positioning
systelll (CiPS)  and rcccived by a low-} iarth orbiter (1 ,1;0)
passes through the }iarth’s atmosphere [J;ig. 1 ] its phase
and alllplitodc arc affcctecl in ways that arc characteristic of
the index of refraction of the propagating medium. By
applying certain assutnptions on the variability of the
index of refraction of the propagating media (e.g. spherical
syrnn]ctry in the locality of the crccultat ion), phase change
measurements between the transmitter and the receiver
yielcl ] cfractivity  profiles in the ionmphcrc  (-60- 1000 km)
and n{otral  atmosphere (0-50 km). The refractivity, in
turn, yields cle.ctton (iensity  in the ionosphere, and
temperature arid pmsur-c in the neutral atrnosphcre. lo the



lower troposphere, where water vapor contribution to
refractivity is apprcciablc,  inclcpcocicnt knowledge of the
temperature can be used to solve for water vapor
abundance.

The radio occultation technique has a 30 year tradition in
NASA’s planetary program and has been a part of the
planetary exploration programs to Venus, Mars and the
outer planets [SCC,  for example, Tyler, 1987]. However,
the application of the teehnique to sense the Ilarth’s
atmosphere using G] ’S, first suggcstcci by Mclbcrurnc  et
al. [ 1988]  and Yunck et al. [1988], was tested for the first
time with the launch of the GPS-MliT  mission on April
3, 1995, G1%-MRT is an experiment managed by the
University Corporation of Atmospheric Research (LJCA1<)
[Ware et al., 1995] ancl it consists of a 2. kg GPS receiver
piggybacked on the Micro] .ab 1 satellite which has a
circular orbit of 730 km altituclc and 60° inclination. The
GPS receiver is a space qualificci Turbc}Rogue [Meehan  et
al., 1992] capable  of tracking up to 8 GPS satellites
simultaneously at both freqocncics transmitted by GPS.
Under an optimal mode of operation, the GPS receiving
antenna boresight  is pointed in the negative velocity
direct ion of the I J ;O and provkics 100-120 globally
distributed setting occultations per day. By the end of the
mission (nominal life time of 6 months), thousands of
occultations will have been colleeled and can be used to
assess the accuracy and potential benefit of the GPS radio
occultations.

To date, a relatively small fraction of [ill recorded
occultations have been analyzed using the Abel transform
approach (presented below). This paper discusses how the
CiPS-MllT data are analyzed and presents some results of
tempcrat ore ret rievals c o m p a r e d  to radioscmde
measurements and atmospheric analyses obtained from the
1 hmpcan  Center for Medium-range Weather Forecast
(liCMWF). It also presents some preliminary results of
electron density profiles obtained in the ionosphere. The
paper is structured as follows: Section 2 gives a brief
background on the radio occultation technique. The basic
features of the technique are presented in section 3. The
manner in which the CJPS-MI  IT phase data arc calibrated
to isolate the atmospheric excess phase. is described in
section 4. %ction  5 presents an individual temperature
profile and statistics obtained for all occultations available
from 2 days during the experiment. These retrievals am
compared to atmospheric analysis from I+CMWF.  In
section 6, wc show retrievals of ionospheric profiles
obtained at different tinles of day and geographical
locations. A conclusion is given in section ‘7.

2-’11111 RAI)IO OCCUI.TATION TIWHNIQUE

The basic observable for each occultation is the phase
change between the transmitter and the receiver as the
signal dcsccnds through the ionosphere and the neutral
atmosphere. Af{cr removal of geometrical effects due to
the motion of tbc satellites and proper calibration of the
transmitter and reccivcr clocks, the extra phase change

inducwi  by the atlnosphcre  can be isolated. Excess
atmospheric Doppler shift is t}lcn derived. This extra
Doppler shift can be used to derive the atmospheric
induced bending, u, as a function of the asymptote miss
dis[ancc, a, [Fig,.  1], Assuming a spherically symmetric
atnlosphere,  the relation bctwccn the bending and excess
Dopp]cr  shift, Aj, is p,ivctl  by

[
Af+t.~,. O,.(,+(+;,)+ (1)

where.fis  the crpcrating frequency, c is the speed of light,
if an~l ;, are the transmitter and receiver’s velocity

respect ivcly, ~, and ~r are the unit vectors in the
directi(m  of the transmitted and received signal.
respectively, k is the onit vector in the direction of the.
straight line conncctins the transmitter to the receiver.

The s!lherical  symmclty assumption can also be used to
relate the signal’s bending to the medium’s index of
refract ion, II, via the rcl:ition

(2)
where a = nr all(i t is the raciius at tile tangent point [Fig.
1], I’his inte~ral equation can then be inverted by using
an Abel integral transform given by

(3)

The refractivity, N, is relatcci to atmospheric c]uantities  via

N = (}l– I)x106  = 77.6;,  -t 3.73x 105~W – 403x106!~c ,72 f2

(4)

(5)

(6)
wherr P is total pressure (mbar), 7’ is temperature (K),
I’w is water vapor pal tial pressure (mbar),  ne is electron
density (n]-3),~  is operating frequency (H7), p is ciensity,
R is the gas constant, HI is the gas effective molecular
weight, h is height, x is gravitational acceleration.

Tangent Point

(
F)s
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Fig. 1: Occultation geometry defining a, r, a

and the tangent point.



When the signal is passing tbrcmgh the ionosphere
(tangent point height > 60 km), use of a single GPS
frequency is sufficient to estimate et to be used in Eq. (3).
Moreover, the first two tcms on the righ(  hand side of Iiq.
(3) are negligible, thcrcforc, knowlccigc of the index of
refraction leads directly to electron density.

When the signal is going through both the neutral
atmosphere aaci tbc icrnosphcre  (tangent point height < 60
knl), a linear combination of the two bending angles,
associated with the two C]PS  frequencies, is used to isolate
the nm~ml  atnmpbcric  bcncling and its refractivity profile
is derived by usc of Ik]. (3) [Vcrrcrb’ev and Krasil’nikova,
1993]. la the stratospbcrc  an(i t b c  r e g i o n  of t h e
tropcrspherc  where tcmpcraturc  is colder than -250K, the
water vapor term in 1 iq, (4) is negligible. Therefore,
knowledge of refractivity yields the density of the nledium
by usc of tbc ideal gas law (Iiq. 5). The clcnsity in turn
yickls the pressure by assuming hydrostatic ccluilibrium
(Flq. 6) and a boundary condition at sonle height.
Applying the gas law once more, knowledge of density
and pressure yiel(is  tbc temperature. In the tropospbem,  at
height where the tcmpcraturc  is larger than 250K, the
water vapor term in llq. (4) bccomcs  significant and it is
more efficient to solve for water vapor given some
indcpcndcnt  knowledge of tcmpcraturc  [Kursinski  et al.,
1995a].

3-GI’S RAI)I[)  OCC[J1,’1’ATION  IUIATLJRIIS

Details about vcr[ical  ancl horimntal  resolution of the
tecbnicluc, and refractivity, temperature, pressure, water
vapor or electron density accuracies as a function of
height, arc given elsewhere in the Iitcrat  are [Hardy et al.,
1993, Kursinski  ct al., 1993; Hajj ct al., 1994]. In this
section we quickly summarize the results of these studies.

Duc to the nature of tbc mcasurcmcnt,  which is a pcncil-
likc beam of the clcctromagnctic  signal probing the
atmosphere, tbc tcchniquc has a much higher vertical and
across-beam rcsolutim  than horizontal (i.e. along the
beam). The vertical resolution of the, technique is
essentially set by the physical width of the beam where
geometrical optics is app]icablc.  This scale is set by the
Frcsnc] diameter which, in VaCLILIm,  is given by

(’7)

where A is the signal’s wavelength, RGIJS and Rz,~;~ am
the distances of the tangent point (SCC l~ig. 1 ) to the (3}’S
and 1.1?0 respectively. lkrr  a 1,110,  Dl,c,ctjl{,)l is -1.5 km.
la the presence of a medium, dLIC to bending induced cm
the signal, the lkcsnel diameter is -0.5 near the surface
and approaches 1.5 km above 20 km altitude where
bending bccomcs  small. When the signal encounters
sharp gradients in refractivity duc to either water vapor
layers near the surface or sharp electron density changes at
the bottom of the ionosphere, the Frcsncl  diameter shrinks
to -200 nletcrs.

A hori /,ontal resolution scale is set by the length of the
beam inside a layer with a Ilesncl  diameter thickness.
This length is 160-280  km for a Fresnel  diameter of ().5-
1.5 kn,.

In the ionosphere, the vcr(ical scale is still set by the
Fresne)  dian~ctcr; however, tbc horizontal scale can extend
several thousands of kilometers due to the large vertical
extent and scale height of the ionosphere. These features
of the ionosphere allow onc to usc tomographic
approaches in ordel to combine information from
neighboring occultations to solve for horizontal ZUKI

vertical structure [Haji ct al., 1994].

LJndcr  lcleal conditions. when a 1.1;0 tracking GPS has a
3600 licld of view of the I;arth’s  horizon, about 750
occult:ltions pcr I J X) pcr day can be obtained. However,
sicle-lo{)kirrg occultations (GPS-I.I1O link > 45° from
ve.locily or anti -vcloci[y of I .F.0) sweep across a large
ho]izotltal region, and the spherical symmetry assumption
dcscribcd in Sec. 2 bccomcs  inaccurate. IJiscarding side-
Iookinx occultatiotls, onc 1.110 provides up to 500
occultations per clay.

In the (’ase of GPS-MI+’I’, only an aft-looking antenna was
mount(d  on the satellite, which reduces the viewing

gcomel ry to 1/2 the 1 iarth’s limb (*90°  from borcsight).
In addition, in order to calibrate tbc clocks of the occulting
trarrsnlitter  and rcccivcl,  one other GPS transmitter and
one gl ound CJ1’S rcccivcl” arc required (see Fig. 2; the
technique of calibration is dcscribcd in more detail in the
next section). ~’his rcquircmcnt,  in acldition to  some
mcmmy limitations insiclc the flight receiver, limits the
number of occultations to about 100 pcr day.

A bigl, inclination 1.liO pmvidcs a set of c)ccultatioas that
covers the globe faidy uniformly. This feature is
particularly advantageous when comparing MIO-CIPS
occultation covera~e to that obtained from balloon
launch{:d radiosondes. A total of about 800 radiosondes
arc launched each 12 hoLIrs  from sites around the worlcl.
The vast majot it y of these sites are over the northern
hcmis}hcre  continents, particularly }iurope ancl North
Ameria. This cmatcs the rrccd fol- high resolution
tcmpcl ,iturc/pressure/water vapor profiles in the southern
bemisl,hcre  and over the oceans. The contribution of radio
occultation retticvals to climate anti weather modeling
should bc particularly important in these regions. (CTlobal
data pl ovided by spaceborne nadir sounders average over
large- 3-7 ktm --vertical distances,)

When compared to infrared spaceborne sounders, the radio
occult[ltion technicpe  has the advantage of being an “all-
weathcr”  systcm.  Nan)cly,  it is insensitive to aerosols,
cloud (m rain duc to the relatively large GPS wavelengths.
lJnlike other techniques such as radiosonde or microwave
srrundcrs,  wbcre instru[nents aced constant calibration, the
GPS ladio occultation provides a self calibrating system,
as will bc discussed in mole detail below. The long term



stability inherent in radio occultation nlake this an
excellent system to keep an accumte record of climate
changes.

4-CAI,lIII{A’I’ING  TIIK G]% SIGNAl.S/ISO-
1. ATING ATMOSI’}IIIRIC  lLXCIMS DItl.AY

The n~ain observable used in an occultation geometry is
the phase change between the transmitter and the receiver
as the occulting signal dcsccnds  through the atmosphere.
This phase change is due to (1) the relative nlotion of the
1.110 with respect to the G]%, (2) clock drifts c)f the {iPS
aaci 1.1 K) and (3) delay induced by the at mosphcre.  In
order to clcrive the excess at mosphcric  I>opp]er shift, one
n~ust remove the contribution of the first two effects.

Accurate knowledge of the CiPS orbits conies from an
overall solution involving all 24 GPS satellites and a
global net work of ground  receivers. The 1,FjO orbit is
determined by usc of other links tracking the non-
occultillg CII’S  satellites.

When the occultation is mostly radial (i.e. GPS-l,IK) link
has no horimntal  motion out of the occultation plane),
the occultation 1 ink descends through the ionosphere amd
stratosphere at a rate of about 3 knl/see; thus, crossing a
Frcsnc]  diameter (SCC Sec. 3) in about 0.5 seconds.
However, in order to investigate sub-I~resnel  structure (by
examining the diffraction pattern of the received signal’s
phase and amplitude) and for other purposes (such as
eliminating different signals caused by atmospheric
rnultipath  in the lower troposphere) the occulting data is
taken at a rate of 50 Hz. In or(icr to calibrate the L,EO
clock, one more (il’S transmitter is tracked by the 1,110 at
the same high rate (link 2 in IJig. 2). in a(i(iition,  in orci~
to calibrate the CiPS ciociis, a ground receiver tracks both
GPS satcliitcs at 1 }lz (links 3 anti 4 in }~ig. 2). One can
interpolate t}lc iowcr  rate CiI>S clock soiutions to 50 H7,,

due to the greater ciock stability (of order 10-12 sec/see, as
opposed to 10-9 scc/scc for the 1.EO clock), and the
smoothness of the lJoIJ Selective Availability dithering.

Knowing the position of ali four participants (i.e. two
G}’S  satciiitcs,  one 1.110  an(i one ground reccivcr), and
modeling various physical effects such as light travel
time, the three spaceborne clocks can be solvc(i for w .r. t.
to the ground clock. The net rcsuit of the calibration is
the excess phase due to the atnlosphere  as a function of
time (see liig. 3a).

5-I)AIA  ANALYSIS ANI)  T1ihll’ERAl’URE
I’ROFI1,lCS

In this section wc show the various steps of processing
for a singic rctricvai in orcicr  to un(icrstand the basic
characteristics of the ahnospilcric  effects on the signai.
We then look at statistical differences bc.twccn two days’

Cntlbraling  GPS

Occulting GPS

Fig. 2: The. occultation gcornctry  involving two G}’S
translllillcrs, one Et oua(i rcccivcr  an(i one space receiver.

worth of occultations an(i a numerical weather prcciiction
rnodei.

An In(iividuai  ~e!IiGwIl

Afler applying tile cal i brat ion described in the previous
section, we obtain the atmospherically in(iuccd  phase delay
(up to a constant bias). l;ig. 3 shows the 1.1 delay,
Llopplcr  shift anti instrulnc]ltal signai-to-noise ratio for an
occultation near Pago }’ago,  -14 N and 190 1; near
midni~ht  UT of April 25, 1995. The foliowing  features
can be observed from these two plots: 1- The phase has a
constatlt bias of about 20 n]; this bias is irrelevant for
consequent processing si ace it is the phase time derivative
that is used. 2- Near the bottom of the ionosphere, there
is a sharp fluctuation of the SNK due to the sharp gradient
in reft activit y which causes more bending anti therefore
defocusing. This is suggestive of the sensitivity of GPS
radio occultation to sense the sharp structure of the
botton t of the Ii-layct  in the ionosphere. 3- The rapici
increase in excess j>i~asc. anti IJoppler  shift and the decrease
in SNR startin~ at the lower stratosphere is due to the fact
that atlnospheric  bending is becoming significant. This
bending causes the SNR to cirop from -130 volt/voit at
tile tol, to -35 v/v at the bottom (avcragtxi  over 1 sec.),
corres~,ondiag to about 1 i (ill of signal loss, anti finaliy to
lose the signal. 4- I’ile SNR shows a clear oscillation
near tl]e tropopause  wilici~ is indicative of a ciiffractioa
patterl~ caused by ttle shatp change in tenlpcraturc  lapse
rate. 5- The SNR si~ows a peak (-150 v/v) in the n~i[icile-
troposlhere  which can be caused by signais  coming from
a large region (relative to a Fresne] zone) and focusing
near th(: reccivel.  Tl)c corresponding 1,1 aaci 1,2 bending
for the sanle occultation are shown in Fig. 4. Again the
sharp feature aroonci 90 km is caused by the sharp
cu~tailing  of electron cicasity. The 1.2 bending as a
fllnction of asymptote. mis s  d i s t ance ,  CZ2(a2),  is
interpolated to the 1. i asymptote nliss distance and the
foliowing relation is USd to calculate the neutral
atmos}]here’s contribution to bcndirr~  [procedure suggested
by VO1ONCV  an(i Krasil’nikova, 1993]

cx((]) = 2.54 (Il(al) .-- 1.54 cq(al) , (8)

—



. .

where tbc first and second coefficients of Eq. 8 corresponds
to~]2/(f~2-J~2)  and ~?2/(j~2-jz2)  respectively, and j], ~Z are
the operating frequencies for 1,1 and 1.2 respectively. The
cliffcrcncc in bending in 1.1 and 1.2 frequencies is clue to
the dispersive nature of the ionosphere (which leads to Bq.
8). Above 40 ktn, bending dLIe  tcr the ionosphere
dmninatcs.

Using tbc ionosphere free bending, cx(a) and Iiqs. (3)-(6),
tenlperature  is cierived in the neutral atmosphere and is
shc)wn as a function of pressure in I~ig. 5. Also shown
on the same figure are tenlpcraturc  profiles obtained from
a nearby radiosonde and a stratospheric numerical weather
prediction model obtained from the National
Meteorological Center (NMC).  The GPS-MIW profile
agrees with the radiosonde and the NMC analysis to about
2K between 450-1() nlbar and to the NMC analysis to
a b o u t  1(1 K bctwccn 10-1 nlbar. The only auxiliary
information LIscd  in dcrivin~  the GPS-M1lT  temperature is
an initial condition of temperature at 50 km altitude equal
to the NMC analysis tenlpcraturc.  Given the n~casurcd
density at that height, this initial condition can be
translated into a pressure boundary condition which is

350
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i 50
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Fig.  3: (a) top: excess atmospheric phase ancl doppler  as a
function of tinlc; (b) bottmn: receiver’s signal-to-noise

ratio as a function of time

needed in order to integrate Eq. 6. The oscillation of the
GPS-MIIT  tenlperaturc above 10 nlbar can be attributed to
thermal  noise in the G1’S phase measurement ancl residual
ionosp}leric  effects. ‘1’he  lowest point in the GPS-MET
profile corresponds (o about 7 km w}~ere the signal is lost.
This loss of the signal is due to signal defocusing which
is exam-bated by the presence of water vapor layers in the
lower troposphere.

More individual tempetaturc retrievals as well as statistical
differe.rices between numerical weather prediction analyses
obtainrd  from the Fhropcan Center for Medium-range
Weathtr I:orecasting  (I ICMWF)  and CJI’S-MET  are also
discussed by Kursinski  ct al. [1995 b].
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statistical  Comparisons

GI’S-MET,  which is a secondary instrument on Micro]  .ab
1, is configured in a favorable gconwtry  (antenna boresight
in the anti-velocity direction) only for about two weeks
out of each repeat cycle of the satellite (55 days). Thus
far, this has happened twice: once between April 22-May
6, 1995, and again bctwccn June 17-July 11, 1995.
(These pcriocls were interrupted by tin~cs of non-ideal
viewing gconlctry, clue to attitude control problcnw.)  AS
was off during these periods and data for April 24, 25 and
May 4, 5 were analyzed. C)n each of these days
respcctivcly,  98, 119, 98 and 69 occul tat ions were
rccordwl,  with about half of these successfully inverted,
while the rest wcle automatically discarcicd, normally duc
to a data gap in onc of (11c  fout- links [iiscusscd above (SCC

Fig. 2). The number of occultations for these four days as
a function of the ]owcst height that an occultation rcacbcs
is shown in liig. 6.

In order to assess the accuracies of rctricvcd  temperature
profiles from CiPS occultations, wc compare  with the 6-
hour I~CMWl~  analyses. These arc anlong the best
available global analyses of atmospheric tcnlpcrature
structure below 10 n~bar, and comparison against thcm
has bccon~c a standard nlcthod for evaluating the accuracy
and rcsolut ion of observational results [l~lobert  et al.,
199 1]. l~ig. 7 shows temperature difference slat istics for
all successfully retrieved profiles for May 4 and 5, 1995.
in older to eliminate tcmpcraturc  retrieval errors duc to
water vapor, t roposphcric  tetnpcrat  arcs exceeding 250 K
have been excluded from the comparisons. The three
panels in Iiig. 7 display tcnq~craturc  diffcrcncc  statistics

1

40, ,,,  ,,,  ,,  – , , . , , - -

35 I E% 1

0 1 2 3 4 :,678 9 10 11 12 13 14

Holghl,  km

l;ig. (): lowest hci~ht  of occulting signal for days April
24,25 and May 4,5 of 1995.

for the norlhern high latitudes (30N-90N),  the tropics
(30S-30N), and the southern high latitudes (30S-90S).
Withirl each latituclc 7onc, retrieved profiles are widely
scattcr~.cl in both location ancl time.

It is clear from IJig. 7 that agrccmcnt  between the two data
sets in the northcl-n hemisphere is impressive with mean
diffcrct Ices of genetally less than 0.5 K and difference
standald deviations of typically 1 to 2 K. It shoulcl also be
remembered that these differences include retrieved vertical
structure that is not Icsolvcd  by the 13CMWF analysis,
especially above 1 (N mbar. This agreement is particularly
significant bccausc the 1 iCM W}: analyses are expected to
be nlost accurate in the. northern hemisphere. Although
both r;diosondc  and TC)VS  (TIROS  Opcriitional Vcllical
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Fig. 7: GI’S  occultation retrievals from 95/05/04 and 95/05/05 vs. HCN4WF  analyses. hlcan temperature diffcrcncc with
standard error bars (K) (solid lines); One standard cleviation about nlean diflcrcnce (shaclcci lines).
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Sourrder,  a space-based sensors with typical 3-7 km
vertical resolution) data arc assitnilatccl into the lCMWI;
moclcl, the analyses are expected to be less accurate in
scrnle regions of the southern hcmispbcre due to the sp~rse
d i s t r i bu t i on  of rwliosonclcs. Southern hemisphere
radiosonrlcs  cluster over a few land nlasses whereas the
occultations fall mostly over the ocean. Fig. 7 shows
that in the soutbcrn  hemisphere, both mean ten~pcraturc
differences and standard devjat ions jncrease at lower
altitudes. As the occultation retrieval process has little
dependence on latitude, the good agreement in the northern
hemisphere suggests that the larger  systematic and random
differences at southern latitudes originate in the analyses
rather than in the rctrieveci profiles. Further inspection of
the data shows that this cliffcrcnce  feature is produced by a
small sub-set of f! occultation plOfileS  CO1lCCntratCd  far
from radiosrmtc ascents in the southern hemisphere storm
track and close to the ice edge, where problcnls in the
assimilation of TOVS data arc known to arise [Ilyre et al.,
1993]. Agreement with the remaining 25 profiles is
comparable with that achieved in the northern hemisphere.

Tenlpcraturc  differences at tropical latitudes also display
distinctive structure in Iiig. 7. on average, retrieved
profiles arc about 1 K colder than the analyses between
300 and 100 nlbar whereas above 70 nlbar, they am
warmer by a similar amount. A statistical comparison
bctwccn tropical racliosondcs and the ECMWI: analysis
revealed a qualitatively similar ten~perature difference
structure, although the radioson(ie  tcn~peratures  in the
upper troposphere are generally not quite as cold as the
retrievals. Retrieved tcmpcrat ure g rad i en t s  am
systematically larger than analysis gradicntsjust  above the
tropopause.  These gradients are associated with wave-like
structure often seen in the retrjcvals just above the tropical
tropopause,  and not resolved in the JWMWI;  analyses.
While tropospheric standard dcvjations  are similar to those
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in the norlhcl n hcmisphcrc,  stratospheric values am
son~ewhat larger ctLIc, perhaps, to waves above the
tropopousc. Accurate temperature nlcasuremcnts  near the
tropical tropopause  arc needed to understand convection
and energy trarmfcr  within the atmosphere, troposphcre-
stratosl Jlerc exchange processes, and future climatic
variations. Al though the  tcrnpcrature retrievals are
prelirni nary, an(i in spite of the clear need for more data,
the tro~)jcal results arc fell to be reliable bccausc of the
excellent agreement achieved in the northern hemisphere.

6-IONOS1’IIHRIC  I’ROF1l.ES

Although the purpose of the GI’S-MIiT  experiment was
rnainlj  to denlonstratc  the usefulness of the GPS radio
ocxxrltat ion for smrsi np, the neutral atmosphere, the same
tcchnicprc can be LISCX1  to obtain profiles of electron density
in the ionosphere. 1 n the ionosphere, the spherical
syrrlrm.try  assulnption is not as accurate as in the neutral
atmosl)here,  for rcasoms  t}~at are described jn Sec. 3.
Nevcr[helcss,  in this section wc show some representative
profile\ of clectrot)  densities obtained from GI’S-MET
with the spherical assumption. A first order, but
sign if]uant,  impr ovcmcnt  of the spherical symmetry has
been lmoposed elscwhcrc  [Hajj et al., 1994] where global
maps of integrated zcnitb electron density [Mannucci et
al., 1994]  can be used in micr  to constrain the horizontal
variability.

The nominal dcsip,n of the CiPS-MtiT receiver was to
collect data at three different rates depending on the
geormtry of tbc G]’S-l  JiO link, When the link is at
posjt i\e clevat ion (i .c.. looking above the 1.IiO local
horizontal  at 730 km) the rate is 0.1 Hz. When the link
has a negative elevation (i.e. its tangent point is below
the L) iO altitude), data is taken at 1 }Iz rate. When the
tangeld point gets as low as -120 km altitude (30 km

Mid-1 atitude High-lat i tude

u—~-ld---d---d
10 11 12 10 11 12

Ioglo (Electron density, e/mA3)

Fig. 9: Ionospheric electron dcnsit y profiles for three different geograpb ical regions f(m night ancl day time obtained with the
assumption of spbcrical  syrametry.
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above which the neutral atnlospheric  effect starts to be
detectable) the data is taken at 50 H7,. (Data used in
deriving I~ig. 5, had a high rate starting at 180 ktn.) llre
to complications with tbc receiver software, however, one
second data brts not been collected. Instead, 0.1 H7 data
was available through the ionosphere down to 120 km
below which 50 H7. was taken. The inversions shown
below are based on connecting tbcse two data rates which
explains the higher density of points below 120 km

One can readily distinguish numerous prominent features
of the ionosphere at day and night time and for different
geodetic latitudes. These profiles are obtained around
midnight (night-time profiles) and noon (day-time
profiles) of May 4, 1995. The  nlain featrwes  that are
readily observed are the presence of the three distinct
layers, Ii, 1;1 and 172 in the nlid-]atitude  and equatorial ciay -
time profiles, tim higher electron cicnsity during the day,
the sharp drop of the 1~1 region at night, the higher F2
peak near the ccp)ator an(i the very low peak at high-
latitude night. Normally, one wouki  expect the electron
density to cirop clown to effectively zero around 60 km.
The fact that ti~ey cio not can be attrihuteci to the spherical
sytnn~ctry  assumption used in the retrieval which can
create an crverali bias in the E-layer electron density,
although the point-to-point structure can bc accurate.
Ways of improving these retrievals are now underway and
will bc presented in a future work.

7-CONCIJUSION

Based on tbcorctical  estimations and simulations [Hardy et
al., 1993] atmospheric temperature profiies  are expected to
be accurate to the sub-Kelvin level between 5-30 km
heigilts. initial results of GPS-MliT  arc consistent with
these predictions. Tile GPS radio occultation
rneasurctncnts  combine accuracy with tile vertical
resolution necessary to resolve tropopause  structure in a
way that is WCII  beyond the capabilities of current space-
bawd atmospheric soonciers. A single orbiting GPS
receiver provides up to 500 globaliy distributed soundings
daily. The density of these measurements excccds that of
high vertical resolution ra(iiosonde  soundings by several
factors in tile soutimm hemisphere The coverage,
robustness, accuracy, vertical resolution, and insensitivity
to cloud inherent to GPS radio occultation suggest that it
wiii have a major contribution to global change and
weather prc(iiction progratns  arounci  the globe.

In tile ionosphere, CWS raciio occultations provide electron
density profiles. Spherical synmetry  is accurate enough
to see the prominent structures in the ionosphere, but
improvements over this assumption, such as using
information from ground data and/or nearby
can be applied to get nlorc accurate profiles.

occultations,
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